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This report has been reviewed by a group other than the 
authors according to procedures approved by a Report Review 
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policies determined by the Academy under the authority of its 
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a private, nonprofit, self "governing membership corporation* 
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PREFACE 






The Department of the Any asked the Committee on Toxicology 
(COT) of the National Research Council (NRC) Assembly of Life Sciences 
to conduct a study of the possible chronic adverse health effects on 
servicemen of experimental exposure to various chemicals at IKS* Army 
Laboratories at Edgewood, Maryland, in about 1958-1975 • The Edgavood 
testa were conducted to learn how specific chemicals may affect 
humans. Some 6,720 soldiers took part in the program; 254 chemicals 
vera administered by various routes* Chemicals were tested for 
various military applications* Among them were acutely toxic 
anticholinesterase chemicals; incapacitating agents t which included 
the ^ glyco late s, a tropine-like anticholinergic compounds of which BZ 
(3-quiauclldinyl benzilate) is a prototype; the Indoles, represented 
by EA 1729 (l£D-25); the cannabinols, or marijuana- like compounds; and 
the sedative, or "tranquilizer, M group* 

Rsvisw of the Edgavood tests included interviews with key 
administrators, Investigators, nurses, and technicians* The account 
of practices and procedures undertaken at Edge wood comes from a vide 
spectrum of sources, both documents and interviews. They represent a 
wide spectrum of attitudes, but are essentially in agreement * 
Committees vara formed at Edgavood to review classified chemicals and 
reports for declassification and use by NRC panels. Extensive 
extracts vara prepared of preclinical animal and human protocols and 
technical reports at Edgewood Libraries and other Edgewood facilities 
where records of subjects and details of exposure conditions and 
clinical findings are maintained- A repository was established at 
Edgavood Arsenal (August 1980) for storing the reports add information 
obtained from other sources. 

The NRG staff organised the test chemicals Into several 
pharmacologic classes; the first two classes consisted of 15 

anticholinesterase (Appendix A) and 24 anticholinergic (Appendix B) 
chemicals* Two expert panels were established (on ant 1 choline st erases 
and on anticholinergics) with chairmen selected from the COT and 
members drawn from the scientific community on the basis of 
familiarity with soma aspect of the pharmacologic class involved or 
axpertisa la a discipline needed for proper evaluation of potential 
adverse health affects* 

Research and experimental case files on volunteers were extracted 
and summarized. Digests of the literature were prepared. 

The charge of the two panels was to determine whether t on the 
basis Of the data available, It is possible to demonstrate the 
likelihood of long-term health affects or delayed sequelae and, if so. 
whether the Involved chemicals, as tested, are likely to produce 
long-term health effects or delayed sequelae. The charge did not 
Include policy recommendations regarding human testing* This report 
Is the, first of two on the Edgewood tests* It presents the two 
panels' tentative conclusions which are based on a review of data 
obtained from Edgewood In nine documents provided by NRC staff (listed 
in Appendixes C and 0), on mortality data organized by the NRC Medical 
Follow- Up Agency, and on separate discussions and papers generated 
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EXECUTIVE SUMMARY 

T 






In response to a request from the Department of the Army, the 
Commit tee on Toxicology (COT) of the National Research Council 
Assembly of Life Science* conducted a study to evaluate the 
possibility of long-tern or "delayed adverse health effects of chemical 
agents tested on military volunteers during the 1960s and 1970s. 

The task was begun about 2 years ago, with Interviews of key 
people who had been associated with the soldier-volunteer test program 
of the Amy Chemical Center (Edge wood Arsenal), Maryland- Initial 
efforts Included a thorough review of the Army's laboratory and 
clinical records and of reports in the scientific literature. Some 
6,720 soldiers took part in the Edgewood program as test subjects in 

about 1958-1975, and 254 chemicals were administered in an 
experimental setting* 

The chemicals were divided into eight major pharmacologic classes 
and organised within each class according to structure* The most 
extensively studied classes are the anticholinergic and the 
anticholinesterase chemicals! and these are the subjects of this 

report- the other classes will be reported on later. Panels were then 
formed to study these two main classes. The chairmen were selected 

from the GOT, and the members were selected for expertise in some 
aspect of the review of the pharmacologic class in question* 

The anticholinesterases are generally orga Diphosphates; these are 
nerve agents resembling parethlon* Major symptoms of low-level 
anticholinesterase exposure Include salivation, increased sweating, 
contracted pupils, and broncuoapasnu The anticholinergics are 
generally *glycolates", (substituted glycolic and tropic acid esters) 
of which the representative and best-known member is atropine. Major 

symptoms of low-level atropiuisatiou include dry mouth p dilated 
pupils, and tachycardia* There were 24 anticholinergics tested on 

about l,B0O subjects* Therm .were 15 anticholinesterases tested on 
about 1,400 subjects* These two classes are readily paired, in that 
members of each are used as * treatment for overexposure to members of 
the other* ] 

The next seep involved organization of Edgewood data and 
reports* Soma of this material had to be declassified before use by 
the panels* Digests of tbe entire available literature, classified 
and unclassified, vers prepared by consultant pharmacologists, and 
various documents were made available to the panels for their use in 
investigating the possibility that the Edgewood test experience 
resulted in persistent adverse effects* The panels met several times, 
beginning In June 1980* 

The specific charge to the two panels was to determine: 

O Whether the data available are sufficient to estimate the 
likelihood that the test chemicals have long-term health effects or 
delayed sequelae* 

o Whether the involved chemicals, as tested > are likely to 
produce long-term adverse health effects or delayed sequelae in the 
test subjects* 
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ANTICHOLINESTERASE CHEHICALS 






developed 
surveyed 



The panel concludes that although no evidence has been 
(to date) that any of the anticholinesterase teat compounds 
carries long-range adverse human health effects in the doses used, the 

results of an ongoing NAS/NEC morbidity study nay shed further light 
on this issue* The panel therefore Is unable to rule out the 
possibility that some antl-ChE agent*; produced long-term adverse 
health effects In some Individuals* Exposures to low doses of OF 
compounds have been reported (but not confirmed) to produce subtle 
changes In EEC, sleep pattern, and behavior that persist for at least 
a year* Whether the subjects at Edgewood incurred these changes and 
to what extent they might now show these effects are not known. If 
such changes occurred and persisted, they would be difficult to detect 
now. They could be determined scientifically only by a new study in 
which EEC, sleep state, and psychologic- test scores were compared with 
those from nonexpoaed control subjects* This might be considered, if 

T _ - -Miff 4 ' r < >' 

reasonable suspicion develops, based on responses obtained in the 
referenced morbidity study, that selected subjects experienced 
behavioral changes traceable in onset to experimental exposure to the 
antl-ChE agents. 

ANTICHOLINERGIC CHEMICALS 

No firm evidence has been seen that any of the anticholinergic 
test compounds surveyed produced long-range adverse human health 
effects In the doses used at Edgevood Arsenal* More intensive study 
is required to confirm this conclusion* The high frequency of 
uncontrolled variables makes evaluation of behavioral effects 
difficult. 

On the basis of available data, In the judgment of the panel, it 
is unlikely that administration of these anticholinergic compounds 
will have long-term toxicity effects or delayed sequellae. An ongoing 
morbidity study should provide more definitive information once it is 
completed* 






MORTALITY 
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Standardized mortality ratios were derived from mortality data 
for the soldiers (all males) who participated In the Edgevood Tests 
and from U*S* mortality rates* For each class of chemicals, the 
mortality rates among the soldiers were not significantly higher than 
the rates of the U*S* population, categorized by age and calendar year 



MORBIDITY 

An ongoing morbidity study among the test subjects is expected 
provide a more complete understanding of the long-term consequences 
exposure to anticholinergic and anticholinesterase chemicals. 
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INTRODUCTION 
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HISTORY OP THE EDGEWOQD TESTING PROGRAM 



■ 



Human experimentation appears to haye been an integral part of 
the history of the U.S. Army chemical warfare (CW) research efforts 
until ita suspension in Z975. On June 28, 1918, the President 
directed the establishment of the Chemical Warfare Service (CW3). 
four years later , in October 1922 p the CHS created a Medical Research 
I * Division to conduct research directed at providing a defense against 

chemical agents. No matter how exhaustively an agent vas tested in 
animals, it was felt that its efficacy in humans also had to be 

studied • 

In early 1941 1 the threat of war increased the urgency of the 

- development of protection against CW agents and, consequently* 

engendered a need for a larger source of volunteers- Formal authority 
to recruit and use volunteer subjects in CM experiments vas initiated 
in 1942. The Secretary of War vas asked to rule on the permissibility 
of using enlisted men for testing agents of the mustard-gas type. In 
July 1943 , the CWS vas assigned responsibility for all medical 
: research related to CW. This extension of the OTS mission included 
i toxicologic research and the study of hazards to the health of 
t personnel in the CWS. 

i The issue of the use of human volunteers vas considered by the 

I Armed Forces Medical Policy Council during the early lgSO's- The 

Council concluded that essential data could not be obtained unless 
human volunteers vera used, and the use of humans in medical research 
vas authorized. By 1954, the Chemical Corps (formerly CWS) had 
established a framework within which Co conduct human experimentation, 

but it lacked an adequate pool of volunteers. In 1955, it vas decided 
that the most practical source of volunteers would be enlisted men 
stationed at Army installations in the vicinity of Edgevood Arsenal* 
It vas emphasised that voluntary consent of each human subject vas 
absolutely essential* It vat also stated that, in all experiments 
involving volunteer subjects, the subjects would be thoroughly 
informed of all procedures and of what might be expected as a result 
of each teat. Furthermore, each volunteer would be free to determine 
whether he desired to participate in a given experiment. In October 
195 9 , approval was granted for the conduct of research on volunteers 
to Investigate defense against incapacitating CW agents. 

The search for incapacitating agents Intensified when the Kennedy 
administration took office* The involvement with Incapacitating 
agents represented a departure from an earlier period fe begun in 1946, 
when interest in highly toxic (acute) anticholinesterase chemicals 
resulted from their development in Germany during World War II. The 
basic purpose of a military incapacitating agent is to produce 
temporary ineffectiveness without permanent injury or death. 
Incapacitating agents (anticholinergic chemicals) and highly toxic 
(acute) anticholinesterase chemicals produce functional and structural 
effects on the nervous system which cause rapid or delayed effects on 
an Individual's performance and behavior* 
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A fairly extensive discussion of the procedures used te provided 
in the Inspector General's report, Use of Volunteers In chemical Agent 
Research, prepared by Colenel James R. Taylor and Major William H» 
Johnson and dated March 1976 (listed in Appendixes C,D). 



RECRUITMENT OF VOLUNTEERS 



\\ 



Recruiting teama (Initially administrative officers, but later 
often including military phyeiciaus from the Edge wood laboratory) 
visited Army installations where a briefing, usually with u film and 
handouts, wa* presented to -a, large number of enlisted men. Generally 
10 to 20 percent, of the audience expressed interest and these men were 
asked to complete a personall^atory, which included medical and 
psychologic items and the Minnesota Multiphasic Personality Inventory 
(HMPI)* It waa not unusual fox 400-600 men to request assignment in 
the course of * tour of seven to ten installations. Of these, no more 
than 100 vera selected and ayjegtually assigned for a 1- to 2- month 
period of temporary duty at Edgewood Arsenal* 

The "Incentives** for volunteering consisted of a small monetary 
allowance (approximately $1*50 a day for temporary duty), the 
assignment of only light duties while at Edgewood, and almost every 
weekend free. Some volunteers were genuinely interested in the 
scientific and experimental aspects; however t If curiosity or the 
desire to "teat one's self" seemed too strong, the applicant was 
usually not accepted. 

Aa a group, the volunteers were above average in physical and 
mental qualifications, with a mean IQ near 110, good behavior records, 
and "normal" MMlPs with profiles generally within two standard 
deviations of the population mean on all scales. 






GUIDELINES FOLLOWED IN T HE PROTECTION OF SUBJECTS 

The Nuremberg and Helsinki guidelines were regarded by the 

investigators and their supervisors as appropriate constraints in 
studies performed on volunteers, although this was not clearly 

articulated in official memoranda until the mid-1960s. The provision 
of accurate, informative explanations of what was planned and what 
might be expected was regarded as easential to the continuance of the 
program* Written consents, witnessed by medical staff members, were 
required from the outset and became more elaborate with time. However, 
minutes of hearings conducted by the U.S. Senate Subcommittee on Health 
and Subcommittee on Administrative Practice and Procedure, September 
10-12, 1975, stated that the consent information was inadequate by 
current standards. 

INVESTIGATORS 

- 
When IZ studies were begun In 1960, the need for a psychiatrist 

with biologic training end Interest was recognized , and one was 

assigned to the program in January 1961* Physicians trained in 

internal medicine, anesthesiology* cardiology, surgery, dermatology, 

ophthalmology, neurology, and other specialties were assigned as the 

program proceeded* Many were research-oriented and have since gained 

excellent reputations in academic medicine at leading universities. 
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SELECTION OF DOSES FOR HUMAN TESTS 



1 



Subthreshold doses based on estimates from animal potency studies 
were used la the first few subjects. For example, the earliest 
exposures to BZ, one of the anticholinergic teat compounds, vere at 
doses between 0*1 and 0*5 *ug/kg B which was less than one-tenth the 
Incapacitating dose (ID) ultimately established at approximately 5.5. 

>tg/kg* The Intravenous route was preferred Initially, but other routes 
of administration were also used. Inhalation studies were some times 
undertaken after a compound had been" thoroughly studied by one of these 

parenteral routes* Oral and percutaneous studies were performed when 
effectiveness via these routes was of interest* 

As the program developed, It be cane customary to test agents at 
dose increment a of 40 percent , once the approximate effects of the 
lower doses were known* Placebos were used in some studies, but the 
cost with respect to subject confinement time, staff workload, and 

delay In achieving estimates of potency Bade this Impractical except iu 
special cases (e.g., evaluation of antagonists)* instead, low and high 
doses were assigned in a randomized manner by someone not involved in 
an experiment. Placebo responses were minimal » Signs of drug effects 
at all but the lowest doses were significant and made the value of 
placebo or "no treatment" inconsequential. 

RANGE OF DOSES 
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Harely did the intramuscular or intravenous doses exceed 1.5 times 
the incapacitating dose. Inhalation doses were higher, but potencies 
were lower by this route (usually about 60 percent of that by the 

intravenous or intramuscular route). Compared with doses described in 
the scientific literature on atropine coma therapy [16-23) or 
scopolamine therapy (19) p the 1Z doses to which volunteers were exposed 
appear modest. As much as 20 times the H>5Q of atropine and 30-40 
times the IB50 of scopolamine have been administered in the past by 
clinicians— often to older and lesa^Tpbust patients. Many patients 

received multiple exposures of this magnitude over a period of days or 
weeks, these therapeutic procedures, reported several decades ago in 
refereed journals, actually stressed "and advocated the benefits of such 
treatment t despite occasional deaths (moat of which appear to have been 
caused by hyperthermia) . 
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SAFETY MARGIN 
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The safety margin of a drug is defined as the ratio of the lethal 
dose (LD) to the effective dose (ED). Sometimes, ratio of the U> 5 q 
to ED50 Is used, although a more conservative approach favors the use 
of the ratio of LD^ to ED99 (standard margin of safety). In the 
case of incapacitating agents, much reliance Is placed on extrapolation 
from animal experimentation, and estimation of the LD], is generally 
unreliable . 

Many other extrapolation techniques have been used in manipulation 
of animal lethality data in an effort to generate a reasonable human 
estimate- By taking a conservative approach with data on deaths at low 
doses, one can derive estimates for man that are modest &n4 in keeping 
with clinical judgement. Such methods depend on procedures developed 
and applied in toxicology. 
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AKTICHQLIHESTEK&SES 
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Anticholinesterases (eati-ChEs) ire toxic to humans principally 
because they Interfere with molecular and cellular mechanisms 
required for the normal functioning of the central nervous system 

(CNS) and peripheral nervous system (PNS)* Their adverse health 
effects are related mostly to inhibition of acetylcholinesterase 
(AChE), a critically important CHS and PNS enzyme that hydrolyzes 

the neurotransmitter acetylcholine (ACh) . Chemical-warfare (CV) 
agenta exploit the acute f life-threatening properties of profound 

AChE inhibition; aoae of the anti-ChEe precipitate other clinically 
significant deleterious effects on sensory and neuromuscular 
function* All the major anti-ChE* are chemically reactive and 
potentially capable of alkylating a variety of biologic 
macromolecules, but the long- tern, health implications of these 
reactions are not veil known* This chapter therefore focuses on the 
acute toxic effects of antl-ChEs and the possible long-term effects 
on CNS and PNS function. 

The fundamental cellular component of the nervous system, the 
neuron* has long, branching, cylindric processes (dendrites and 
axon) that extend from the cell body* Dendrites are modified for 
signal reception and transduction and form extensive networks that 
permit interneuronal communication, coordination* and integration of 
nervous-system function* The axon typically is a long extension of 
the neuron specialised for transmission of electric signals and. at 
its distal end, for chemical communication of information to other 
neurons or to muscle at sites termed synapses and neuromuscular 
junctions, respectively. 

ACh is the chemical transmitter of information from both 
somatic and autonomic (PNS) neurons* On the somatic slde T the lover 
motor neuron uses AQi to convey excitatory impulses to voluntary 

muscle* Cholinergic neurons of the autonomic division of the PNS 
are grouped in craniosacral (parasympathetic) and thoracolumbar 
(sympathetic) outflows from the spinal cord* Parasympathetic 
pathways uae ACh at both preganglionic and postganglionic neurons; 
in the sympathetic system, ACh is restricted to the preganglionic 
effector* These eholinergic-dependent autonomic neurons play an 
important role in regulating the function of various vitally 
important effector organs* Cholinergic pathways are widely 
distributed in CKS tissue, but their functions are less well 
understood than thoae in the PNS* 

AChE terminates the transmitter action of ACh* Drugs that 
inhibit or inactivate AChE (anti-CfcE agents) cause ACh to accumulate 
at cholinoceptlve sites and thus, produce effects equivalent to 
continuous stimulation of cholinergic nerve fibers* Before World 
War II t only "reversible 1 * anti-ChZ agents were generally known, of 
which physoBtigmine (eserine) Is the outstanding example. Shortly 
before and during World War II, a class of highly toxic chemicals, 
the organopbosphorus compounds (OPs), were developed, chiefly by 
Schrader of I.G* Farbenindustrle, first as agricultural insecticides 
and later as CW agents. The high potency of these compounds was 
found to be due to "irreversible" inhibition of AChE; thus, they 
produced effects for considerably longer periods than the classical 
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inhibitor** Sine* the pharmacologic actions of both classes of 
anti-ChE agents are qualitatively similar, they are discussed as a 
group! and important future* of individual classes or compounds are 
noted* 

sj 

CHSKISr&Y OF AHTICHOLiyEST ERASES 

A complect list of a»t£«GhE compound* used in the Edgevood 
program 1* contained In the coaster file (Appendix A). 
Structure-activity relationship* have been reviewed extensively for 

the "reversible* 1 Inhibitor* (1,2) the OF agents (3,4) and both 
classes of compounds (5-7). 



. i 



IEVERSIBLE" INHIBITORS 



- 



After the structure of phyaostigmine was established, Stedman 
(8,9) undertook a systsaatic, investigation of a number of related 
synthetic compound*. The essential moiety of the physostigmine 
molecule was found to he the methylcarbam&te of a basically 
substituted g simple o-amino phenol. The quaternary ammonium 
derivative! neostigmine, 1* a compound of greater stability and 
equal or greater potency. Retention of the dime thy lcar hamate side 

chain in the met*, position, hat with incorporation of the quaternary 
nitrogen atom into the ring to form a pyxidyl nucleus, results in 
compound* with sntl-ChE and Other pharmacologic properties similar 
to those of neostigmine, pyridostigmine is a drug of this class. 

Although the carbamates are the moat familiar and the most 
commonly encountered antl-GiEa, members of other chemical classes 

are also capable of inhibiting ACh£. For example, edrophonium, an 
analogue of the phenolic residue of neostigmine „ is used extensively 
in clinical medicine. It was not administered to the volunteers at 
Edgevood, but two other noncarbamates were: 

1 1 2 , 3 1 4-te trahy dro-9-ec rid 1 na mi n* (Tacrine) and hexafluorenlum 
(Mylaxen). These compounds also are used in clinical medicine but 
are not as popular a* neostigmine* pyridostigmine, or edrophonium. 



■ 



ORGANOFHOSFHORUS (OF) INHIBITORS 






The general formula for this class of cholinesterase inhibitors 
Is shown in Figure 1. A great variety of substituent* is possible: 

Rl and Rj nay bei alkyl, elkoxy, aryloxy, amldo, mere ap to, or 
other groups; and X (also called the "leaving group") may be a 
hallde, cyanide, thiocyanata,, ph«noxy t thiophenoxy, phosphate, 
alkylthioethylmercaptidej dialky lami aoe thy lae reap tide, or 
car boxy 1st* group* It is obviously impossible to discuss here more 
than a few representative compound* of the more than 50,000 that 

* 
Fig* 1: Organopbosphorus Compound* 



General Formula: 









Rl O 
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have been prepared; e useful chemical classification of the 
compounds In this clan* that are of particular pharmacologic or 
toxicologic interest has been developed by Holmstedt (3,4)* 
Dlisopropyl pbospborofluoridate (DFF) It perhaps the best known and 
the most extensively studied compound. 

Generally, the most acutely toxic compounds are those with one 
carbon-phosphorus bond (phosphonates)* The compounds studied by the 
Army (Appendix A), with the exception of DPP, contain this feature. 
In GA (tabun), the Iwving group is cyanide* In GB (sarin), GD 
(soman), and GF f the leaving group is fluoride. In the V agents, VX 
and EA 3148 (the most potent agent administered to the volunteers), 
the leaving group is a d ia 1 ky 1 ami noalkylme reap tide. 
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ABSORPTION, FATE, AND EXCRETION OF AKTI-CHE5 

Physostigmine is readily absorbed from the gastrointestinal 
tract i subcutaneous tissue a, and mucous membranes* It undergoes 
hydrolytlc cleavage at the ester linkage by choline st erases; renal 
excretion plays only a minor role in its disposal. In man, a 1-mg 
dose of physostlgmins Injected subcutaneously is largely destroyed 
in 2 h* Neostigmine and related quaternary ammonium drugs are 
absorbed poorly after oral administration, and much larger doses are 
needed for effect than when they are administered by injection; both 
are metabolised by hepatic microsomal enzymes (10) and excreted in 
the urine* 

The commonly encountered OP anti-QiE agents are, with some 
exceptions (e.g., echothiophate) , highly soluble In lipids. 
Consequently, they are rapidly and effectively absorbed when 
administered by almost any route, including the gastrointestinal 

tract, the skin and mucous membranes after contact with the liquid 
form, and the lungs after inhalation of vapors, finely dispersed 

dust, or merosols* Most 0? compounds are excreted almost entirely 
as metabolites In urine* Between the time of absorption and 
excretion, there are varied periods during which the original 
compound or Its metabolites remain bound to proteins in the blood 
and tissues. 

Both hydrolytlc and oxidative enzymes are involved in 
metabolism of the OF compounds* The OF auti-ChE agents are 
hydrolyzed In the body by a group of enzymes, the 
phosphorylphosphatases. These are widely distributed and hydrolyze 
a large number of OF compounds <e-g*, DFP, tabun, sarin, paraoxon, 
and tetraethyl pyrophosphate, or TEFF) by splitting the 
anhydride-Ilka F-F (or P-CN) bond* They also hydrolyze several 
aliphatic esters (e.g., ethyl acetate) and aromatic eaters (e*g*, 
phenyl acetate). The enzymes are not Irreversibly inhibited by OF 
compounds, presumably because the phoaphorylated active site reacts 
rapidly with water to regenerate the free form, in contrast with Its 
high stability In the case of the cholines teraaes. 

Because of the above reactions, the effects of exposure to two 
OP insecticides may be synergistic* For example, when malathlon is 
administered to animals in combination with O^ethyl 0-£-altr ©phenyl 
phenylphosphonothlonate (EFN), the resulting toxicity is as much as 
50 times that expected from the sum of their individual toxicities, 
this results primarily from the inhibition by EFN of enzyme systems 
that normally metabolize malathlon to inactive products. Other 

combinations of OF insecticides also have shown supra-addltlon of 
toxic effects. 
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Pig* 2 J St*pf Involved In th«; hydroly^ !• of acetylcholine (ACfa) by 
AC«tylchoUo*ftttX*M (AChE) (I), and in the inhibition of AChE by 

vmnibli (II)|^c#7biivl>Mtf|ir?jCUI)t *&d organo phosphorus (IV) 
agentf • Bs*V£,, l£ga£, L«nd|^««b«d arrow* represent extremely rapid v 

IntmtmmdlAtm § [^^tTma^-m^M or iaMlgntflcMnt reaction* , 
njp*ct£**ljr. J^pnMfiic«tf :Q;oaXo«llCt G*B., In: The Fbaniacologic 
Bail* of Therapeutic* (Goodsac, X#S# and Gilajn, A*, *d**}, 5th *d* 
MmimillMii RiU. C& # W75, pj # H8* 
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MECHANISMS OF ACTION 
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INHIBITION OF ACETYLCHOLINESTERASE BY AHTI CHOLINE ST ERASES 



The mechanisms of action of compounds that typify the three 

clssses of euti-ChE agents are shown In Figure 2- They differ 
primarily in quantitative respect! from the reaction between AChE 

and its normal substrate, ACh. 

Simple quaternary compounds, such as edrophonium, form 
electrostatic bonds vith the anionic site of the enzyme and hydrogen 
bonds with the imidazole nitrogen atom of the esteratic site. In 
all euch cases, inhibition la rapidly reversible, and such drugs 
have a vary short duration of inhibitory action* 

It vas at one time generally assumed that physostigmine, 
neostigmine, and related Inhibitors that possess a carbamyl ester 
linkage or urethane structure! in addition to a tertiary amino or 
quaternary ammonium group , Inhibit the enzyme in the same reversible 
fashion* However, careful kinetic studies shoved that physostigmine 
and neostigmine are hydrolyzed by choll nest erase (11-14)* 
Initially, inhibitors of this class form complexes in which the 
Inhibitor is attached to the enzyme at both anionic and eeteratlc 
sites; subsequently, hydrolysis proceeds in a manner analogous to 

that of ACh, and the alcoholic moiety Is split off, leaving a 
carbamylated and inhibited enzyme. Later, this enzyme reacts with 
water to release a substituted carbamic acid and the regenerated 
enzyme. The main difference between the reaction of the natural 
substrate, ACh, and that of the carbamate inhibitors is the velocity 
of the final step; the half -life of dime thy Icerbamyl AChE, formed by 

the reaction with neostigmine, is more than 40 million times that of 
the acetylated enzyme: 30 min and 42 jus, respectively (15). 

The reaction between AChE and most OF inhibitors, such as DFP, 
occurs only at the eeteratlc site- It proceeds in a comparable 
fashion, except that, as a result of the initial hydrolysis, the 
enzyme becomes phosphorylated. The resulting phosphorylated enzyme 
is extremely stable: If the attached alkyl groups are methyl or 
ethyl, substantial regeneration of the enzyme by hydrolytlc cleavage 
requires several hour a; with is ©propyl groups, as in DFP, virtually 
no hydrolysis occurs, and the return of AChE activity depends on 
synthesis of new enzyme, which requires days to months. Some 
quaternary OF compounds (>*&•* echothiophate) combine at both the 
eeteratlc and anionic sites, and that probably contributes to their 
extreme potency and specificity (4,16). 

From the foregoing account, it is apparent that the terms 
"reversible" and "irreversible," as applied to the carbamyl ester 
and OF antt-CiE agents, respectively, reflect only quantitative 
differences and that both classes of drugs react with the enzyme in 
essentially the same manner as does ACh. 

REACTIVATION OF ACHE 



Although the phosphorylated eeteratlc site of AChE undergoes 
hydrolytlc regeneration at a low or negligible rate, Wilson (1?) 
found that the nucleophillc agent hydroxy limine (H2KOH) can 
reactivate the enzyme much more rapidly « In the subsequent search 
for more effective reactivators, a large number of hydroxamlc acids 
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(RJCH"N0H) was shown to have this property, 



^"j 



From the data that accrued* it was 



( RCONHOH) and oxi 
t . g • $ d lace t y 1 monoxJjn^i* or DAM , 

pre die tod that highly^fffective reactivation should be produced by a 
molecule coDtalQiog^b^W^O quaternary nitrogen atom and an oxime 
group, spaced at an appropriate distance* This goal was achieved 
(18V vll^-pryIdiae*2-jS^OxinUi methyl chloride 
(2-formylrlnMt)iylp^d^qiuai chloride oxime, pralidoxime) ; 
reactivation with this compound occurs in one millionth the time of 
that with hydroxy lamine^(19) . Soh biaquaternary oximes were later 
shown to be even taocp j ^gttnt as reactivators; an example is 
obidoxlae chlorida (|^S»^3)— 1,1 f -(ory dimethyl ene) - 
bis( 4- f omy Ipyr i di nium) , di chloride dioxime (20). 
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Fig. 3l 
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vetor*. Reproduced from Koeile, G*B. 



In; The Pharmacologic r $aaifEof Therapeutics (Goodman, L*S* and 
Gilman/A*, eds,)p 5tb Ad^acmiUaQ ?ubl, Co., 1975, pg. 458* 
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Tha mechanism of reactivation is sketched In Figure 4. When 
the quaternary ammonium group of pralidoxime is attracted 
electrostatically to the; anionic site of the enzyme, the oxlme group 
of the f ormtelli^ osteiiMil^PtlHlly to exert nucleophilic attack on 

the e 
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c 




ruajatom of the phosphorylated este ratio 
sit*; thf'oxiM**!^ than split off, leaving the enzyme 

(21.22) * r*: >W%< '--^ 

Although tha oximea reactivate phosphorylated choli nest erase in 
vitro and increase recovery from intoxication produced In vivo by 
sooe organophosp hates, they an not panaceas for the treatment of 
poisoning by ant i^ChEs* ^Pralidoxime and obidoxime are quaternary 
amaonlum compouiid*, and their capacity to reactivate brain enzymes 
la ixiUUt«d;hH^*^ barrier. It la also debatable 

whether pralidoxi^ And \?fl^|ad agents can effectively antagonise 
tha manif estatioaa of illtbii^ation by neostigmine and other carbamyl 
ester inhibitors. Moreover, most phosphorylated AChEs undergo a 

* ;- »b ",t." " • ' m w 

fairly rapid process tensed "aging" and within the course of minutes 
or hours, thereby become completely resistant to reactivators. 
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Pig, k* Reactivation of ftlkylpho^pJiODl^ted acetylcholinesterase 
(AC^H). Aft«r alkylphosphgrylation or^OiE by DFP (left), 



Tji*-i^r» 



spontaneous by drolytic reactivation occurs at an Insignificant rate 

(upper reaction), as Indicated ^y the 'dashed arrow* "Aging" la the 

loss of one of the Isopropoxy residues that occurs more rapidly than 

spontaneous- hydrolysis; 'the F* odtietf tj| ' very resistant to 
regeneration by pralidoxia* * Pralido^oe (lover reaction) combines 



with the anionic sit* by e lee troetatlc^t tract ion of its quaternary 
nitrogen atom, which orients the^paicljy>philic oxime group to react 
with the electro phi lie phosphorus -?kt P^l^t he oadme-phosphonate is 
split off t leaving the regenerated engyi*** Reproduced from Koelle, 
G.B,: In The Pharmacologic Basle of ftfrapeutlcs (Goodman, L.S. and 
Oilman, A., eds.)i 5th •dV'He*mllUiiJ$*X. Co., 1975 t pg. 
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AGING OP IHHIBI TED' ACHE 
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Aging cause* Inhibited emxyme* fcO;toseome refractory to 
reactivation* The phenomenon was first reported in 1955 by Hobbiger 
(23) and later observed with OP-iuhiblted AChEs (24,25) end with an 
Op-Inhibited a tropins* teres* (26) * An extensive discussion of aging 
may be found in Berend 1 * thesis (27) *< ,,. 

The process ■ determine* the tine during which reactivators can 
be expected to be beneficial for those exposed to OP anti-QiEs. In 
the case of OP anti-ChEa,'' mm Inhibited (e^g. p phosphorylated) 
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enzyme, which initially can he-xeactlvated by oximes, is changed' to 
a form that cannot be reactivated by these compounds (19)* Trie term. 



"aging** ha a been applied became the amount of Inhibited enzyme 
refractory to reactivation increases with time* 

For example, Berry et ml * (28) observed that, although 
pre treatment of animals with a combination of pralidoxime (2-PAM) 
and atropine increased the LO50 values of several compounds (e.g. , 

TEPP and DPP), It had littla effect on the lethality of sarin and 
none on the lethality of soman; they concluded chat this was the 
result of the rapid aging of the ChEa inhibited by sarin and soman. 
More direct evidence of in vivo aging was obtained by Harris et al» 
(29), who injected 32p-lab*led sarin and soman into rats and 
observed that the rate of aging of the Inhibited rat-brain AChE was 
tbe same in vivo as In parallel in vitro experiments, 

Aging la probably due to the splitting-off of one alkyl or 
alkoacy group from the inhibited enzyme, leaving a more stable 
monoalkyl- or monoalkoxy-phosphoryl AChE (30 ,31)* Wilson (32) 
pointed out that the difference In reactlvatabillty may be 
associated with the relative reactivity of secondary and tertiary 
phosphate esters* Whereas the original inhibited enzyme is a 
tertiary phosphate eater, the dealkoxylated derivative is a 
secondary phosphate ester* Thus, the rate of aging depends on the 
phosphoryl group (33) and not on the group hydro ly zed from the OP by 
cholines terase (ChE). Berry and Da vies (28) observed, as have many 
others, that soman yields the most rapidly aged-inhibited ChE 
obtained from any available anti-ChE; the half-life of the pinacolyl 
phos phony la ted enzyme was determined to be less than 1*5 mi a* The 
next most rapidly aged-inhibited enzyme also contained a 
brancbed-chaln secondary group; (CH3}2-GH-CH(CH3)-OH-) Some 
atraight^chalu secondary groups, such as CH3-CH2-CH(CH3)-OH- t 
vera also associated with relatively rapidly aged-inhibited enzyme s t 
the phosphonylated enzyme half-life being about 0.5 h* Berry and 
Davles (28) noted that aging "is slow when the alkyl group is a 
primary alcohol, whether or not the carbon chain Is branched, but Is 
much more rapid If Ch* alkyl group is a secondary or cyclic alcohol. 
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CHOLINERGIC RECEPTOR AUD ACH CHANHEL 



In addition to reacting with ChEa, OPs and other snti-ChEs also 
can react with other critical molecules in nerves or in effector 



organs* 

receptor 
synapses 
enzymes, 

biologic 



OP drugs may exert direct effects on the cholinergic 
or on its phospholipid environment p at both CHS and PNS 
(34-38) • OPa also react with other neural and metabolic 
and some of them are capable of alkylating DNA. The 
consequences of these reactions are not as well understood 
as are those Inhibiting ChE* 

White and Stedman (39) suggested that, in addition to 
inhibiting AChE, OP compounds have an effect on the site where the 
ACh molecule reacts at the neuromuscular junction. Riker and Uescoe 
(40) showed a direct agonist action of neostigmine at the 
neuromuscular Junction, and many others have found that neostigmine 
and soma other anti-ChE agenti have anticurare effects not 
apparently related to inhibition of ChE (41). Additional 
observations Indicated that preparations that had been deuervated 
for over 20 d responded with a contracture when exposed to sarin, 
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and findings described below indicate Chat antl-ChE agents like 
neostigmine cause marked destruction of denervated muscle (42,43); 
this phenomenon is moat likely correlated with the partial agonist 
effect of neostigmine. 

Similarly , HI quel (44) suggested that OF compounds react with 
other vitas on the muscle, la addition to the enzyme Itself. 
[ Studies by Xavier and Valle (45) disclosed that Fhoedrin R f an OP 

insecticide, was able to affect both the ACh receptor and the Ion 
channel associated with it p but without affecting AChE itself. They 
also found, using two different methods, that phyaoatignine and 

neostigmine, in addition to producing blockade of AChE, potentiated 
the muscle response to ACh when applied in the presence of complete 
AChE blockade* Albuquerque* a studies with OP compounds (46) have 
suggested an additional affect on the ionic channel that is 
unrelated to the si tea of reaction of ACh on AChE or on the ACh 
receptor. The simple presence of OP compounds makes the reaction of 
many agonists, particularly ACh and anatoxin (AnTX), more Intensive 
and speeds the effects of some compounds that block the ion 
channel. Several agents that react both with the ACh receptor and 
f the channel appear to antagonize the action of the OP compounds In 
t this manner. Conversely, the binding rate of QPs is increased when 

increasing concentrations of the agonist are present (46), and the 
rate of binding Induced by the presence of large quantities of 
f agonist can occur whether ACh is the agonist or other agents — such 
i as AnTX, eubaryldi choline, and euccinylcholine — are used in place of 

ACh* 

\ FRE5YKAPTIC ACTION 

l Antl-ChE agents have presynaptic effects that are related 

mostly to a reaction with the presynaptic nerve terminal (47-55). 

A number of workers reported that compounds such as neostigmine 
and physostigmine augment and prolong spontaneous release of ACh 
(miniature endplate potentials or HEP Pa) and increase the size of 
endplate potentials (EFPs) (46,56-59) - Boyd and Martin (48) 
reported a biphasic effect of ChE inhibitors: an increase at low 
concentrations and a decrease at high concentrations. In a detailed 
study of the action of neostigmine, ambenonlum, edrophonium p and 

me thoxyambenonium on cat tenuissimus muscle, Blaber and Christ (60) 

j^ reported that HEPF frequency was increased by several ChE 

Inhibitors, and concluded that the affect la probably not related to 
ChE inhibition but might be relatad to excitation-secretion 
coupling, the proceaa by which an action potential releases ACh. 
The only published study on presynaptic effects of the more 
potent ChE inhibitors la that of Abraham and Edery (49) , who 
examined the effect of soman on synaptic transmission in rat 
diaphragm. In vitro, soman increased the frequency of MEFPs (an 
effect blocked by Hg* + ), caused muscle depolarization that 
reversed spontaneously, and Increased quantal content. It was 
suggested that the observed changes In transmitter release resulted 
from an effect on the action potential Invading the nerve terminal t 
although no direct evidence was offered* 
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to addition, several ChE Inhibitors generate antidromic action 
potentials in motor nerves; these aay occur spontaneously (57,61 p 
62) or after en orthodromic nerve volley (47 t 50 t 62-64) . The 
potentials are apparently not caused by action potentials 



_•_ 



originating In muscle, inasmuch as the antidromic repetitive firing 
has been observed In nerves from muscle Incapable of twitching 
(62). Rlkar et al}. (30) and Werner (51,52) concluded that the 
antidromic discharges were produced by direct actions on the motor 
nerve terminal. Although ChE Inhibition, with later accumulation of 
AQi and an Increase in extracellular potassium concentration, may be 
the cause of the observed effects, these possibilities are unlikely - 

NERVE MEMBRANE 



Another example of an effect apparently unrelated to ChE 
Inhibition is found In studies of the actions of ChE Inhibitors on 

■ 

ionic conductances of electrically excitable membranes, When single 
frog nerve fibers vera used, phyaoatigmlne (1-10 mM) attenuated 
action potential and current, markedly prolonged the duration of the 
current, and slowed conduction* This mechanism might be Involved In 

functional sensory deficit and-- if selective for inhibitory fibers, 
as la the case with local anesthetics (65) — might play a role la 
generation of facilitation before depression. 

CENTRAL NERVOUS SYSTEM 

The situation is still more complex In the CMS, Even if the 
action of autl-GhEs were limited to the Inhibition of postsynaptic 
AChE, the complex circuitry of the brain provides ample opportunity 
for effects at other sites* Because brain cholinergic pathways are 
diffuse and connect with many other systems t overactivity or 
blockade of cholinergic synapses can lead to abnormal activity In 
many other neurons* Apparently a -there Is no end to the list of 
transmitters and bloactive substances that can be affected 
indirectly or directly by cholinergic agonists (66). Among the 
effects in question are those on the V -amlnobutyric acid (CAM) 
system which are Important In brain excitability and epileptogeneais 
(6 7) f as well as those Involving peptide transmitters and bloactive 
peptides (68). It la unknown whether these effects are brief or 
long-lasting* For example , It is unlikely that a perturbation in 
GABA content would be long-llved^after the initial effect of the 
aatl-ChZ on the GABA system. However, the circuits are complex , and 
even a temporary perturbation might lead to reverberations that 
persist for a long time* The CMS has only a limited capacity to 
regenerate t and recovery after tissue damage might be slow or 
incomplete* It Is also known that a brief presence of excess 
transmitter In a synapse can lead to compensatory changes in the 
number of postsynaptic receptors. 

"NEUROTOXIC" ESTERASE (NTE) 

Some OPs react with a poorly characterized enzyme — "neurotoxic 
esterase" (NTS) — of unknown function resident in CNS, PNS, and some 
other tissues and precipitate a delayed CKS-PNS distal axons! 
degeneration p which la expressed clinically as a sensorimotor 



14 



r 



Create PDF with G02PDF for free, if you wish to remove this line, click here to buy Virtual PDF Printer 






, / 



I 

* 

r 



k 
I 

t 

r. 

ip 

$ 

V 

i 

- 
L 

r 

t 



. 






3: 



neuropathy (69). Although a causal aeeociation between NTE 
inhibition and delayed neurotoxicity has not been demonstrated* they 
are strongly correlated. 

NTE is operationally defined aa the eeteretic activity against 
phenyl pheaylvalerata (tha preferred eubetrate), phenyl valerate, or 
closely related eaters that Is "re all tent" to paraoxon and sensitive 
to DFP and mlpafox (N^N'-diisopropylphoepborodiamidic fluoride) . 

Two groups of compounds inhibit NTE (Figure 5): one group collets 
of various phosphates, phoaphoramidetee, and phosphorates, which 
induce neuropathy; and the second contains sulfonates, phosphinates, 
and carbamates, which do not. The latter can react covalently at 
the phosphorylation site Involved In delayed neurotoxicity and 
thereby protect against later doaea of OP compounds that would 

otherwise Induce neuropathy. In contrast t neuropathic OF compounds 
induce Irreversibly (aged) Inhibited HTE* Aging involves 
transformation of the phoephorylated enzyme to a further modified 
form in which one 1 group has bean cleaved from the phosphorus and a 
negatively charged residue remains attached to the enzyme* Once 
this process occur a t regeneration of the active site of the enzyme 
is no longer possible, and neuropathy will ensue if the 
NTE -inhibition threshold has been reached or exceeded within a 
required period- The relationship between this phenomenon and the 

onset of axons! degeneration Is unknown, but It seems likely from 
recent experimental studies with DFP (70,71) that the target site In 
nervous tissue is in the nerve fiber Itself. 
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Figure 5* Two groups of NTE inhibitors; Group A (upper) induce 
delayed neuropathy* Group B (lower) protect against the neuropathic 
potency of the upper group* 1 and R* may be alkyi, aryl or 

heterocyclic aubetituentej X is the leaving group which li ejected 

when the inhibitor reacts covalently with the enayme* Redrawn from 

Johnson, K»K«, 1974: A comparison of the structures of inhibitors 

of "neurotoxic esterase". J* Meurocheaiatry 23:786, Pig* 1, Raven 
Press, H«Y* 

BIOCHEMICAL AHD METABOLIC CHANGES 



0? and related 
gluconeogeneais and 





s have effect a on dehydrogenases and on 
uptake (6,72). Failure to gain weight 
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normally accompanies chronic Intoxication with some OF agents, 1 and 
weight loss accompanies QF-Ijfiduced neuropathy. Some of these 
biochemical changes may not bf specific ally related to the 
anti-QiEs; **g* v changes In blood lactate and acid-b&se 
relationships could be related to severe hypoxia v and the 
hyperglycemia could result from discharge of catecholamines via 

cholinergic control of the adrenal medulla* 



- 



OP ALKYLATIOK 



■ 



Some organophosphates are strong alkylating agents in vitro 
(73,74). Examples are tetramethyl pyrophosphate, dlchlorvos t methyl 
paraoxon, tetrachlorfenviiiphog, mevlnphos, crotoxyphos, arid methyl 
parathion* Review of several studies on the alky la t ion of DNA with 
dlchlorvos Indicated that dlchlorvos induced me thy la t I on in Isolated 
DNA or In DNA of bacterial and animal cells treated in vitro* The 
extent to which OP esters alkylate DNA in vivo la not clear, on the 

* hand t-h+ Ayffl^UPA Iff! tlAMula ftf r»rtnfti A afa HI » BYfrahsnafir 



esterase activity provides an Important detoxifying capability that 

diminishes the chances of da&leterious alkylation (74,75). On the 

other hand, It vaa reported (76) that [ 1 ^C]parathion administered 
In the diet or by Intraperitoneal injection resulted in binding of 

metabolites to liver DNA. It was also assumed that the esterase 

detoxification pathways may operate only slowly, or not at all, for 

simple alkyl phoaphata* Ilka trlmtthyl phosphate (74,75). 

s 

BIOLOGIC AND CLINICAL EFFECTS 



» 



ACUTE EFFECTS i PHARHACOLOGY 



. 






The characteristic acuta pharmacologic effects of the anti-ChE 
agenta classically are ascribed to the inhibition or lnactlvation of 
AChE at sit** Of cholinergic transmission, with the consequent 
accumulation and action of endogenous ACh liberated both by 
stimulated cholinergic nerve and (in much smaller amounts) by 
continual leakage during the resting stage. AChE is present in most 
tissues In a quantity in excess of that required for normal 

function* ta ivArf a mAr-itari Affwit In vivo. An anti- ChE. aepnt must 



• 
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generally inhibit 50-90% of the functional AChE at a given site* 
This can be achieved readily, because most of the anti-ChEs produce 
5QX inhibition of the enzyme at concentrations of 10- 7 M or lover. 

In principlep it should be possible to predict the 
pharmacologic properties of anti-ChE agents merely by knowing the 
loci at which ACh is physiologically released by nerve Impulses! and 
the responses of the corresponding effector organs to the chemical 
mediator, potentially, the anti-ChE agents can produce all the 
following effect* J stimulation at autonomic parasympathetic 
effector organs; stimulation, followed by depression or paralysis, 
of skeletal muscle and of all autonomic ganglia (nicotinic actions); 
and stimulation, followed by depression , of chollnoceptlve sites in 
the QfSU Because cholinergic stimulation of ganglia increases 
activity In the sympathetic t as well as the parasympathetic, 

postganglionic nerves, all the autonomic effectors are activated. 

These assumptions are only broadly correct, inasmuch as, with 
smaller doses of anti-ChE* , particularly those used therapeutically, 
several modifying factor* are present. Host Importantly, an 
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enormous number of compounds can inhibits choline st era Be, and no two 
are Identical in either biochemical pro pert let or pharmacokinetics. 
ThuSp although they all ehare some general characteristics, the 
detailed effecte vary considerably from compound to compound. For 
example, compound t containing a quaternary ammonium group do not 
penetrate cell membranes readily; hence, eome anti-ChE agents are 
excluded by the blood-brain barrier from exerting substantial action 
on the CNS» But quaternary ammonium compounds act relatively 
strongly at the neuromuscular junctions of skeletal muscle through 
both their ant 1- Oil and their direct cholinomimetic mechanisms and 
have comparatively less effect at autonomic effector sites * Their 
ganglionic actions are generally Intermediate* The more 
lipid -soluble agents, such as tertiary amines and most OF compound s, 
have ubiquitous effect* at both PNS and CHS chollnoceptlve sites. 
The main acute pharmacologic actions of anti-ChE agents that 
are of concern Here are tnoee on the eye, the intestine ana other 
organs innervated by the autonomic division of the PNS, the skeletal 
neuromuscular junction, and the brain* Effects of cholinergic and 
j adrenergic stimulation on effector organs are summarized in Table 1. 

t 

. 

r 

S 

| When applied to the conjunctiva, anti-ChE agents cause 

conjunctival hyperemia and constriction of the Iris sphincter 
(miosis) and ciliary muscle (spasm of accommodation) * Miosis is 
apparent in a few minutes and becomes maximal in 0.5 h* The pupil 

; may be pinpoint sized, but it generally contracts even further vhen 

r exposed to light* It returns to Its normal size in a few hours to 

several days, depending on the drug and Its concentration- The 

. spasm of accommodation la more transient and generally vanes 

considerably before termination of the miosis. Intraocular pressure 
usually decreases concomitantly, but in some cases anti-ChE agents 
may cause an initial increase in intraocular pressure owing to 
dilatation of the finer blood vessels and Increased permeability of 
the blood-aqueous humor barrier; this Is generally followed by a 
decrease to beiov initial pressure. 

Systemlcally administered antl-GhEa similarly affect the 
cholinergic terminals supplying the circular muscles of the eye to 
produce miosis, but they also affect sympathetic ganglia that 
operate the apposing radial muscles, end tbey act on the brain in 
ways that may reduce activity in cholinergic nerves to the eye. 
Thus, the effects of systemic administration are not as predictable 
as those of local administration, and either constriction or 
dilatation of the pupils may be seen. 

Gastrointestinal Tract 

■ 

Although the actions of various anti-GiE agents on the 
gastrointestinal tract are nearly Identical, neostigmine has been 
studied most extensively In this regard* In man, neostigmine 
Increases gastric contractions and increases the secretion of acidic 
gastric juice. The drug tends to counteract the inhibition of 
gastric tone and motility induced by atropine and increases the 
stimulatory effect of morphine. 

Neostigmine augments the motor activity of the small and large 

prevented, propulsive waves are Increased in amplitude and 
frequency, and transport is thus promoted* Atropine inhibits, but 
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does not abolish, the intestinal effects of neostigmine. The total 
effect of anti*©iE agents on intestinal motility probably re presence 
a combinatloo_ of actions at -the ganglion cells of Auerbach's plexus 
and at the muecle fibere, as^e result of the preservation of ACh 
released by the , cholinergic t preganglionic and postganglionic fibers, 
respectively- 
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Actions at Other Autonomic Sites 
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Secretory glands that ,§re innervated by postganglionic 
chollaargic 'I iljar a include >tbir bronchial, lacrimal! sweat, salivary, 
gastric, .intestinal, and -acinar pancreatic glands; low doses of 
anti-ChE agents causa, la general, an augmentation of their 
secretory response a to nerve gat imulat ion, and higher doses increase 

the resting rat<% of secretion. 

Smooth muacle fibere of it be bronchioles and ureters are 

peristaltic activity* * 

The cardiovascular actions of anti-ChE agents are extremely 
complex. In that they reflect at any given moment the sum of the 
excitatory and Inhibitory actions of accumulated endogenous ACh at 
several levels* The predominant cardiac effect of the peripheral 
action of accumulated ACh la bradycardia, which results in a 
decrease in cardiac output and In hypotension* The effective 
refractory period of cardiac muscle fibers is shortened, and the 
refractory period and conduction time of the conducting tissue are 
prolonged* The blood veaaela are in general dilated, although the 
coronary and pulfouary $l£Culitloa may show the opposite response * 
The sum of the foregoing effect* ihould result in hypotension, but 
at the ganglionic level , ACh haa fir at an excitatory and, at higher 
concentrations, am inhibitory action. Hence, the excitatory action 
on parasympathetic ganglion cells tends to reinforce the above 
effects, vha reef. -the oppoatte sequence results from the action of 
ACh on sympatibetJlC gangliQft £tlle. Excitation followed by 
inhibition is also produced by AQa at the medullary vasomotor and 

cardiac centers. All these effects are further complicated by the 

■_ ! d* _" fc ■% ■_ M _lL M *I_. _1 __, M M ■_ J.J., ^_J ^^■L j^J + i.V _ 

flj ^V«AB feVOU^k L-J.UJ| ***JMf H#Vfim m ffiVU»V*liWfcAUU aUU VbllCi ab^JiWUB uu mic 

respiratory system. The hypoxia reinforces both sympathetic tone 
and ACb-induced discharge of epinephrine from the adrenal medulla. 
It la not aurprlaing, therefore, that a wide variety of hemodynamic 

effect* of anti-ChE agents has, been reported, depending on drug, 
dose, route of administration, specie a, and other factors * 

* r 

Neuromuscular Junction 

The actlona of anti-ChEs are thought to be due to inhibition of 

ChE at the motor endplate and retention of ACh at the junctional 
region. This combination culminates in a marked reaction of the 
transmitter with the receptor and a great activation of the entire 
recaptor-loiF-ctian&el complex. -If this process continues, a number 
of undesirable reactions can occur , among them paralysis, the 
desensitization of the -Junctional receptor, and structural changes 

in the muscle and nerve ending* 

Normally, a # ingle nerve impulse in a terminal motor axon 
liberates enough AQh to produce a localized depolarization (the 
endplate potential) that initiates a propagated muscle action 
potential* T&e liberated aca is rapidly hydrolyzed by AUir,, «nd Lh* 
muscle relaxes* Therefore i-eacj* motor-nerve impulse initiates only 
one muade contraction* After partial Inhibition of AChE, however, 

i !■* r h 
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the ACh liberated by a single nerve impulse may persist long enough 
to set up repetitive muscle action potentials > with a resulting 
increase in strength of contraction* furthermore* sufficient ACh 
may diffuse to neighboring muscle fiber* and excite them as well, 
causing asynchronous contractions (fibrillation)* In addition, the 
action of entl-Chl agents l 'on the axon terminal can initiate 
antidromic firing, which results In activation of the motoneuron and 
leads in turn to the synchronous contraction of an entire motor unit 
(fasclculation)* In thepreaence of a sufficiently high dose of an 
anti-ChE agent, the local concentration of ACh may produce a 
depolarizing blockade of the neuromuscular junction and paralysis. 
Thus, a small doss. of snti-ChE may increase the skeletal muscle 
contraction produced by a single maximal nerve stimulus , but larger 
doses, or repetitive nerve stimulation #t a high physiologic rate, 
may result in depression or block of neuromuscular transmission. 

Brain 

Tbe mechanisms by which anti-ChEs perturb brain function are 
more complex, harder to study t and consequently less well 
understood « The brain is an extraordinarily complex network of 
neurocellular pathways which uses electrochemical mechanisms to 

conduct signals needed to perform and integrate cognition, 
awareness, memory, language, sleep and wakefulness, locomotion, 
sensation, and hormonal and autonomic functions. Cholinergic 
neurons are probably involved in many lntraregional and 
Interregional pathways of the brain, although their identity and 
specific functions are poorly understood* Several aets of 
presumptive central cholinergic pathways have been proposed; medial 
septal nucleus to dentate gyrus, and sublculum of hippocampus 
habenula to interpeduncular nucleus; cortical Internurons to 
cortical pyramidal neurone; and "ttaluu&fj, put amen, and caudate to 
neurons in the caudate (77)* The presence of cholinergic synapses 
in central motor pathways (pyramidal' and extrapyramidal) and of 
afferent systems involving both the reticular formation and the 
thalamus, hippocampus, and limbic system, suggests the possibility 
of their participation (with other type § of chemical synapses) in 
initiation and control of movement, in sleep, arousal, and 
wakefulness, in memory, and in emotional regulation* This, in turn, 
implies susceptibility of these functions to anti-ChEs and 

cholinomimetic drugs* 

The electroencephalogram (EEC), a, record of changes In the 
voltage-field distribution oyer the head as a function of time, is a 
tool for studying some aspects of Jbr^lll f unction* Adults have 
characteristic EEG patterns 1 under "standard conditions, but these 
vary according to the state of consciousness (alert, startled, 
drowsy, dreaming, or deeply* sleeping) • Awake subject* display a 
high-voltage (50.j»V)» low^frequency (8*14 Hs) alpha rhythm. This is 
most prominent in the occipital region of the scalp and when the 
eyes are closed, the resting alpha rhythm is replaced during 
periods of attention and problem-solving- by a low-voltage (5-10 j*V) f 
high-frequency (15-30 Hz) beta rhythm, most prominent in frontal and 
parietal regions* The changeover from alpha to beta rhythm, termed 
"de synchronization' 1 , can be Induced by mental concentration or 
external stimuli (including anti-ChEs)* Other frequencies of 

electric activity commonly observed In the KEG are theta (4-7 Hz) 
and delta (=3 Hz) waves* 
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Among, brain function* , sleep la particularly well studied with 
the EEG. When sleep occurjp, the alpha pattern disappears and, over 
a period of 4*5 min, the EEC change* from a lav-voltage to a 
higher-amplitude i 4* to 6-&* ! pattern with intermittent 14- to 16-Hz 
"spindle* activity. Later," over the course of 1-2 h, the voltage 
Increases, the frequency decreases (to 1-3 Hz), and spindle activity 
becomes less frequent* the EEC then becomes desynchronized , rapid 
eye movement (REM) occurs, and the person dreams. REM sleep lasts 
approximately 15-20 mln and occurs three to five time a during a 
normal sleep cycle of 7-8 h. These characteristics are constant 
from night to night if the person is healthy , is well adapted to the 
environment , and has an habitual, normal! 24-h sleep-wake cycle. 

The control of the sleep-wake cycle appears to be a complex 
phenomenon Involving several groups of neurons (nuclei) in the 
brainstem that use different synaptic transmitter chemicals : the 
locus ce rule us (norepinephrine) , the dorsal raphe nuclei 
(serotonin), an4 the gigantocellularls nuclei (ACh) of the pontine 

gigantocellularls nuclei concentrate their electric discharges 

during REM sleeps activity begins minutes before the onset of REM 

sleep, continues at a high rate during the REM period, and abruptly 
ceases aa REM sleep terminates* An attractive postulate of the 

control of the sleep-wake cycle Is that, during non-REM sleep (and 

waking), an inhibitory system composed of neurons in the locus 

ce rule us or the dorsal Raphe nuclei tonlcally prevents cholinergic 

neurons in the gigantocellularls nuclei from firing. At a critical 
point, the latter escape this inhibition and fire at very high 
rates, thereby Initiating the REM period. The inhibitory neurons 

then Increase their activity and inhibit the cholinergic discharge, 
and REM sleep ceases. Dependence on ACh as the excitatory 
transmitter Implies the sensitivity of this system to antl-ChEs, 
which, a priori, tend to Increase neuronal activity. This postulate 
Is consistent with empirical evidence from humans and animals 
treated with cholinergic agonists, which tend to decrease the 

latency of REM sleep and Increase the number of REM-sleep episodes. 
Atropine exerts opposite effects* 

Table 2 lists some of the effects of antl-ChEs and 

cholinomimetic drugs on brain function (79-84), Doses of 
compounds that are toxic, but too small co threaten life, 
variety of clinical manifestations. Including miosis, muscular 
fasciculatlon, and apprehension (85,86)* The acute behavioral 
alterations are usually accompanied by marked de synchronization of 
the EEG (87) • Larger doses of OF compounds— which may induce 
convulsions, muscular paralysis, and death—cause a lowing of the EEG 
pattern followed by the appearance of spike waves that herald the 
onset of seizures* Symptomatic recovery is normally complete within 
2-9 wk, at which time the erythrocyte cholines t erase content usually 

has returned to normal (88,89). 

Repeated low-dose administration of OP compounds can produce 
symptoms and eigne that are not seen after single exposures to the 
same doses* For example, subjects given daily injections of DFP 
reported the additional symptoms of insomnia, excessive dreaming, 
emotional lability, Increased libido, paresthesia a p visual 
hallucinations, and tremor (90); and prolonged administration in 
animals Induces sensorimotor neuropathy. 
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The subjective manifestations of brain dysfunction usually 
disappear shortly after cassation of exposure; In most Instances, 
EEC Abnormalities reportedly disappear within 2 wk of acute exposure 
or termination of chronic exposure (90*92). 
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ACUTE TOXIC EFFECTS 
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Toxicity of particular 0? compounds does not vary greatly among 
mammals- Signs and symptoms differ mainly in sequence and in 
individual prominence (93-96). Rapidity of appearance, intensity, 
and timecourse depend on dose and route of administration. 

The effects of acute Intoxication with anti-ChE agents are 
manifest by muscarinic and nicotinic, signs and symptoms and, except 
for compounds of extremely low solubility In lipids, signs referable 
to the CHS* Effects say be local or general. Local effects are due 
to the action of vapors or aerosols at their site of contact with 
the eyes or respiratory tract or, to the local absorption after 
liquid contamination of the skin or mucous membranes, including 
those of the gastrointestinal tract* General effects rapidly follow 
systemic absorption by any route; they appear most rapidly after 
inhalation of vapors or aerosols , In which case severe effects may 

appear within a few minutes- In contrast* the onset of symptoms 
after gastrointestinal and percutaneous absorption is delayed* The 
duration of effects Is determined largely by the nature of the 
compound; it may vary from minutes, as after an overdose of 
edrophonium! to several days or even weeks after irreversible 
alkylphosphorylatlon of AChE, as by DFF or sarin. 

After exposure to vapors or aerosols or after inhalation, 
ocular and respiratory effects generally appear first , Ocular 
effects Include marked miosis, conjunctival congestion, ciliary 
spasm, and brovachs, along with watery nasal discharge; respiratory 

effects consist of "tightness" in the chest and wheezing due to the 
combination of bronchoconstrlction and Increased bronchial 
secretion* After ingestion, gastrointestinal effects appear first, 

including anorexia, nausea and vomiting, abdominal cramps, and 
diarrhea* After percutaneous absorption of liquid, localized 
sweating and muscular f asciculation In the immediate vicinity are 
generally the earliest manifestations. Severe Intoxication is 
manifest by extreme salivation, Involuntary defecation and 
urination, sweating, lacrimat ion, bradycardia > and hypotension* 

Nicotinic actions at the neuromuscular junctions of skeletal 
muscls usually consist of fatigability" a, nd generalized weakness, 
involuntary twitching, scattered faaciculation, and eventually 
severe weakness and paralysis* The most serious consequence of the 
neuromuscular actions is paralysis of the respiratory muscles. 

The effects on the CMS include copfusion, ataxia, slurred 
speech, loss of reflexes, coma, and central respiratory paralysis. 
Actions oq the vasomotor and other cardiovascular centers add to the 
peripheral actions to complicate the hemodynamic pattern* After 
large doses or inhalation of high concentrations, the time course 
may be telescoped into a few minutes and many of the above signs 
overshadowed by dyspnea, apnea, and collapse* A case of severe 
sccidental poisoning in man is illustrative (97). Development of 
ilgus after smaller doses has been described by Grob (98,99) and 
others (100-104)* 
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After a single exposure, death may come within 5 min or not for 

loae 24 h p depending an dose^xoute of administration, drug, and 

other {Actor a* The cause of death is primarily respiratory failure, 
usually accompanied by a cardiovascular component* Muscarinic, 

nicotlnic t and central effects all contribute to respiratory 

euharassmeut; they include lary ngospasm t bronchoconetriction, 

increased tracheobronchial and salivary secret ion, and peripheral 

and central respiratory paralysis* Although the blood pressure may 

fall alarmingly and cardiac irregularities may intervene, these 
effects probably result as much from hypoxia as from the specific 
actions mintlooed t inasmuch as they can often be reversed by the 
establishment of adequate pulmonary ventilation. 

Differences in hazard among members of the OF group arise from 

differences in inherent potency (EA 3143 is the most potent), vapor 
pressure (GB is hazardous by inhalation) , and ability to penetrate 
the skin (VX and GD) (102,105,106), GB as a liquid administered 
cutansously has also been reported to cause severe poisoning (107 f 
108)* Absorption of some of these compounds from the respiratory 
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administration in completeness (105,109,110) * Incapacitating 
concentrations of GB and other a by inhalation have been estimated in 
animal tests, (111) and extrapolations to man have been attempted 

(lOSillZtlU)* 

Two antidotes are currently used for acute poisoning by 
anti-ChE*. One is atropine, which acts as a muscarinic receptor 
antagonise and reduces the excessive stimulation of parasympathetic 
functions, thus reversing the effects on the eye, lung, 
gastrointestinal muscles, and, most important f the heart. Atropine 
alio relieves affect a of poisoning at central muscarinic synapses, 
but not at central nicotinic synapses* The other antidote is an 
oxime (such as 2-PAM or o bid oxime) that relieves poisoning at 
skeletal muscle endplates (20). It acts as an activator of 
phoaphorylatad AQiE; through nucleophllic attack, it removes the 
phosphate group, thus restoring enzyme function at motor endplates* 
The oxime s are inefficient if the phosphorylated enzyme has aged. 
These oxime s contain quaternary nitrogen and therefore do not 
penetrate the blood~brain barrier and have no effect at cholinergic 
synapses in the brain or spinal cord* 

The acute ef facta of the antl-ChEs are short-lived and do not 

outlast the inhibition of the enzyme . Indeed, some ay sterna develop 
tolerance rapidly, to function returns to normal even before there 
is substantial regeneration of measurable enzyme activity. It has 
been amply documented that, even with over 992 inhibition of all 
CbEs, animals (and presumably humans) can survive without oxime or 
atropine treatment, if they^ are supported for a couple of hours by 
pharmacologic or nonpharmacologic means, such as artificial 

respiration, (72)* This recovery from the "irreversible" effects of 
inhibitors may depend on rapid regeneration of ChEs, particularly 
some AChE isoenzymes (114)} deaensitl ration of the postsynaptic 

membrane, a phenomenon that limits the response to accumulated ACh; 

or compensatory changes in presynaptic and postsynaptic receptors 
(115). 



-. 
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BELAYED NEU ROPATHY (CNS-PNS DISTAL AXQNQPATHY) 

Clinical Features 

Degeneration of particular regions of the nervous system is a 
veil-characterized advert* health effect of human and animal 
exposure to many OP eaters (phosphates* pbosphoroamldates, and 
phosphonstes) that may or may not also display anti-AChE 
properties* Some neuropathic OP eaters can precipitate prominent 
neurologic abnormalities after a single exposure (as well as after 

multiple exposures), the clinical disease usually beginning vithln 
2-3 wk» At some time during this clinically quiescent period, a 
stereotyped sequence of neuropathology changes takes place that 
leads to the appearance of sensorimotor neuropathy. The degree of 
clinical Impairment and the prognosis for functional recovery depend 
directly on the extent of nervous system damage* which in turn 
depends on the neuropathic potency of the responsible OP compound, 
as veil as the dose and duration of exposure. 

The first recorded cases of paralysis from OF intoxication 
occurred at the end of the nineteenth century p when patients with 
tuberculosis were treated with phosphocreosote , an uncharacterlzed 
mixture of esters derived from phosphoric acid and coal-tar phenols 
(116) « Several thousand cases appeared in the southern states in 
1930 vhen alcoholic extracts of Jamaica ginger t widely consumed 
during Prohibition! were adulterated (117) with 22 
trlorthocresylphosphate (TOCP). Adulteration of cooking oil 
contaminated with lubricating oil containing cresyl phosphates has 
proved responsible for several outbreaks of OP neurotoxicity, 

including a major epidemic in Morocco in which more than 10,000 
people reportedly were affected (118) > -More recently, the OP 
pesticide leptophos has been assoclsted with an outbreak of 
occupational neurotoxicity among workers at a plant in Texas; the 
victims displayed pronounced clinical features of spinal-cord 
damage, and sons had psychologic manifestations (119). 

Approximately 2 wk after ingesting cresyl phosphates, during 
which gastrointestinal disturbances may be manifest, affected 
persons experience pain, aches, and tingling in the feet and calves, 
followed within days by progressive weakening of leg and foot 
muscles that leads to paralysis* The thighs and then the hands and 
arms may become weak during succeeding days* Weakness is always 
more severe in the legs than in the arms and in both limbs is 
greatest in distal muscles. During the progressive phase of the 
illness, which lasts 1-2 wk (depending on dose), the weakness 
spreads steadily, but usually stops short of complete quadriplegia. 
Neurologic examination reveals signs of damage to the spinal cord 
(hyperactive knee jerks) and peripheral nerves (hypoactlve ankle 
jerks). Foot drop Is pronounced, and victims adopt a high-stepping 
gait. Muacle denervation is evident from electromyography, and 
atrophy iirtbe lower legs and hands may become severe. Recovery in 
mild cases takes months or years, but severely affected persona who 
recover some muscle strength may have ataxia and spasticity 
permanently (120). 

Many experimental specie s are vulnerable to the delayed 
neurotoxic effects of 0? compounds, such as TOCP, although it is 
accepted that neurotoxic doses vary markedly from one species to 
another. Indents are relatively resistant and fowl very 
susceptible; hens are widely used to aassy ACnE compounds for 
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ability to Induce paralyaie (UjL)- I» ail sensitive species, there 
is a period of 1-2 wk Deforest he. onset of neurologic signs, during 
which body weight changes and nerve fibers degenerate* Hens given 
TOCP develop a steadily increasing flaccid paresis of the hindlimbs, 

with an ataxic j broad-baaed gait* Paresis spreads over the course 
of several days and, if respiratory muscles become involved t may 
lead to death* 

Neuropathologie Features 

a I" 

The limited aeuropathologic information available from studies 
of affected parsons demonstrates that OF poisoning induces 
degeneration of nerve fibers in spinal cord and peripheral nerves 

(122). : , .1 

He uro pathologic examination of experimentally poisoned animals 
reveals a characteristic pattern of distal, retrograde degeneration 

of peripheral "nerves- Long nerve fibers of large diameter seem to 
be affected before shorter end smaller fibers, so sensory and motor 
manifestations of nerve damage generally affect the legs before the 
arms- A similar principle holds for involvement of the spinal cord: 
long ascending (gracile and spinocerebellar) and long descending 
(e.g. p corticospinal) tracts are symmetrically involved in the 
degeneration process. Neuropathology changes initially appear 
distally and multifocally in affected pathways, leading to 
degeneration of distal axons and structural and functional 
disconnection of sensory and motor terminals* Axonal degeneration 
progresses steadily toward, but stops short of p the nerve cell 
bodies (71). Loss of axons precipitates a secondary loss of the 
normal myelin sheath in affected regions of spinal cord and 
peripheral nerves; this phenomenon has been erroneously described as 
* , demyelinatlon"™s term reserved to describe the neurotoxic 
properties of substances, such as baatachlorophene, that damage 

myelin without causing axonal .degeneration* In sum, the clinical 
and pathologic features of delayed OP neuropathy are classified as a 

central-peripheral distal adenopathy (123) * 

Neuropathic Potency 

Neuropathic potency can be assayed by determining the response 
of a vulnerable species (the hem, Callus gallua domestlcus ) to OP 
intoxication or predicted from the degree of inhibition of the 
nervous-system enzyme NTS* It ia Important to note that chemical 
reactivity of an OP compound with HIE is unrelated to its ability to 
inhibit ACoE (69). Some OP agents designed for chemical warfare can 
Inhibit both NTE and AChE* However, doses needed to Inhibit NTE and 
induce neuropathy may be much higher than those which would prove 

fatal to animals or humans without protection against the acute 
anti-Chg effects. Alternatively, the degree of NTE inhibition may 
be Insufficient to induce cJUnlcal neuropathy. Fhosphorof luoridates 

induced delayed neuropa thy \JLn chickens after 9-15 d at doses of 
0*3-2*5 mg/kg; the dimethyl compound required doses of 30 mg/kg. 
Five alky iphosphorof luoridates were active at 1-5 mg/kg given In 
divided dally doses* Diethyl phospbofiuoridothionate induced 
neuropathy at 0*75 mg/kg, but not at 0,5 mg/kg. Various 
dialkylpbosphinlfc fluorides and dlalkylpyrophosphonates were 
negative (124). Jieuropatho logic studies designed to detect 
subclinical damage to spinal cord or peripheral nerves in animals 
treated with CW agent* are not available. 
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Several studies have suggested that some subjects experience 
long-term sequelae from a tingle OF exposure or a period of 
low-level exposure. Minor disorders of affect, emotion, and memory 
were reported by Tabershaw and Cooper (125) in 38X of 114 subjects 
after acute OF poisoning, Rowntree et al . (126) suggested that OP 
exposure night exacerbate psychiatric problems. Metcalfe and Holmes 
(82) claimed that OF exposure may lead to persistent EEC changes; 
they also reported that workers with histories of both OP and 

chlorinated-hydrocarbon exposure, but with no recent exposures, had 
EEC patterns that showed successive slowing during drowsiness and 
after hyperventilation. Moreover, all-night-sleep EEGs reportedly 
displayed pattern* commonly aasociated with narcolepsy. Psycho logic 
dysfunction in this group included disturbed memory and difficulty 
in maintaining alertness and appropriate focusing of attention- 
Duffy and co-workers (127) examined the brain electrical 
activity of workers occupstionally exposed to sarin and with 
documented single or repeated accidental exposure to toxic 
concentrations of it at least a year before EEC recording. Standard 
clinical EEG measurement, computer-derived EEG spectral analysis, 
and standard overnight -sleep EEGs, were examined in 77 exposed 

workers, and the results were compared with those from a control 
group of 38 nonexpoead Industrial workers* Statistically 
significant group differences in sarin workers included increased 
beta activity, delta and theta slowing, decreased alpha activity, 
and Increased HEM sleep. 

The results of Duffy et al# were consistent with those from a 
previous study that examined EEG changes in rhesus monkeys exposed 
to sarin or dleldrln (67)* Two dose schedules were used: a single 
"large dost" (sarin at 5 jig/kg or dieldrin at 4 mg/kg, administered 



series 

ag/kg, 
st 



intravenously), which produced overt signs of toxicity, and a 
of 10 weekly "small doses* 1 (sarin at 1 jug/kg or dieldrin at 1 
administered intramuacularly) * The effects of anoxia in the 
group were precluded by pre treating animals with gallamine 
trlethlodide and providing artificial respiration. Animals treated 
with single doses of either sarin or dieldrin displayed significant 
increases in the relative amount of beta voltage (15-50 Hz) in the 
EEG that persisted for a year. For sarin, the predominant effect 
was in the EEG derivation from the temporal cortex, and for 
dleldrln, from the frontal cortex* For both drugs, the Increase in 
beta activity was most prominent when subjects were awake in 
darkness or drowsy. 

In summary, research results have indicated that a single 
symptomatic exposure or a series of subclinical exposures to sarin 
can alter the frequency spectrum of the spontaneous EEG for up to a 
year (83). 

The effect of anti-GhEs on the 
tissue has rarely been investigated 

effects of some of these compounds on spinal cord and peripheral 
nerves are well known. There is a clear need to study , with current 
ultraatructural techniques, the possibility of selective brain 
damage underlying the reported long-term changes in EEC patterns of 
animals and humans exposed to auti-ChEs, especially in light of a 
recent provocative report of widespread axonal and terminal 
degeneration in the brains of rata treated with soman. As an 
incidental finding in an unrelated study of the effects of this 



structural integrity of brain 
1 though the destructive 
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agent on behavior of rati, Fatrae (128) described nerve-terminal 
degeneration in the limbic system, corticot'ugal system, and central 
motor system-areas associated with mood, affect, judgment, emotion, 
posture, And locomotion* The author pointed out that dama.^d 
regions would be unlikely to regenerate and that long-terra 
psychiatric and motor deficits might be anticipated. Only 16 
animals were studied by Fetras, and only seven brains had observable 
damage* The seven had significant acute toxicity at the time of 
exposure, including muscle 7 faeciculatione, tremors, and seizures. 
Only id abstract of this work has been published, and the" research 
has not been pursued systematically. It cannot now be concluded 
that the tissue damage was a direct effect of the OP, rather than an 
indirect effect {e.g*, related to brain hypoxia)* Nor can it be 
ascertained whether the response was specific for soman. 

JUNCTIONAL ITCtflOHYOPATHY . . 












Pathologic changes develop subacutely and reversihly in some 
motor-nerve terminals! neuromuscular Junctions, and associated 
muscle fibers after administration of anti-ChE drugs to laboratory 
animals- ChE inhibitors with long-lasting effects-such as paraoxon, 
DFP, tabun, sarin, soman, and parathion^and "reversible" inhibitors, 
such as ptr/sostigmine and neostigmine v induce these neuromy spathic 
changes (129-131)- The effect may result not only from AChE 
Inactivatiou, but also from an increase in the rate of spontaneously 
released AQi secondary to a prejunctional action of anti-ChE drugs 
(54,132). Thus, guanidine, which increases ACh release t also causes 
a subacute myopathy similar to that produced by anci-QiE agents 

(133). 

The diaphragm is most severely affected in treated animals 
(134) t but abnormalities ere also prominent in the soleue, 
gastrocnemius! end quadriceps muscles* Ultras true tural changes may 
appear within hours of drug administration, progress over a period 
of a few days, and resolve within a couple of wee leu. Pathologic 
changes In motor-nerve terminals , neuromuscular junctions, and 
muscle fibers ere associated with en initial decrease in contractile 
strength after e few days and then e return to nearly normal 

strength after several more days (135)* These pathophysiologic 
events may be clearly delineated from the degeneration of 
motor-nerve terminals end atrophy of muscles that follow 

administration of agents that Induce delayed neuropathy (131), in 
that subacute neuromyopethic changes not only resolve before the 
onset of delayed retrograde agonal degeneration, but also fail to 
develop with TOCP* en 0*P compound that inhibit* NTE but has little 
AChE activity* They may also be prevented by protecting the 
neuromuscular junction with curare or a reactivator of 
phosphoryiatsd ChE, such as 2-PAK* The myopathic process seems to 
depend on the degree and duration of ChE inhibition (136); this 
suggests that skeletal -muscle hyperactivity is causally associated 
with the phenomenon* 

The significance of these observations for humans exposed to OP 
agents is unknown, but it seems likely from animal experiments that 
myopathy does not develop in the absence of muscle hyperactivity 
induced by anti-ChEs. There is some evidence from human autopsy 
material of focal necrosis of diaphragmatic and intercostal muscles 
after accidental exposure to e single large dose of OP insecticide 
(137) • 
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Motor-nerve terminals ahov various degrees of subcellular 
change* within 30 min to 2 b after Injection of ioi&aq or para ax on 
. (138); loaao induces Che more severe ^changes. Nerve terminal 

? alteration© Include the Appearance of intre-axooal myelin figures, 

membrane enclosures, and an Increased number of large-coated 
vesicles* Three days after DFP injection, soleus motor-nerve 
terminals are reduced in number end naked eudplates are common* 

Pathologic changes also appear in the aubneural apparatus and in the 
immediate subjacent muscle; the letter displays swollen 
mitochondria, myelin figures, enlarged nucleoli! dilatation of the 
sarcoplasmic reticulum, loss of myofibrillar etriation, and, later, 
myofilament loss and fragmentation of Z bands (132). Focal muscle 
necrosis then ensues* Pre junctional and postjunctional subacute 

changes are resolved within 2 wit after administration of DFP; 
however, because this, compound also inhibits NTE and Induces delayed 
neuropathy, a week after recovery from the subacute neuromyopathlc 
changes motor-nerve terminals undergo a second phase of degeneration 
and regeneration, with relnnervation of damaged endplatee 6-8 wk 
later <131). 

OTHER ADVERSE HEALTH EFFECTS 

■ 

* Mutagenic or carcinogenic action is not a general feature of 

the OP compounds, although some may have these properties. There 
appears to be a lack of information on the mutagenicity or 

carcinogenicity of carbamate anti-ChEs- 

Some agents on the list of compounds under scrutiny belong to 
chemical classes other than OP compounds and carbamates. 
Edrophonium is a quaternary ammonium inhibitor of GhE. Methacholine 
is a stable choline ester and, although urecholine is a carbamate, 
it is not bydrolyied by ChE* These two compounds are dlrect-ectiug 

cholinomimetic agents* They are approved for use in clinical 

medicine, hut have few indications* Hexafluorealua is a 

bis quaternary ammonium distantly related to tubocurarine, and it has 

both antl-ChE and curariform actions* None of these quaternary 
ammonium compounds is known to have geno toxic action. Another 
compound is tacrine, 9-amlno-l,2,3,4-tetrahydroacridine; as a class, 
acridlnes are notorious for mutagenicity and carcinogenicity, but 
this particular chemical has been used in clinical practice for more 
than 20 yr without known sequelae* 

Muta geniclt 

The 0? ma lathi on has been investigated extensively in a number 
of mutagenesis test ay sterna. Soma studies were done with a 
metabolic activating system, some without (malathion requires 
metabolic activation for its AChE-inM biting effect). Halathion 
also has been tested in somatic cells; tests for chromosomal 
aberrations in human hematopoietic cell lines, sister chromatid 
exchange (SCE) in human fetal fibroblasts, and the micremucleua test 
in mice have been performed* A mouse dominant-lethal mutation assay 
has also been carried out with malathion, although the study was 
compromised, in that the dose (300 mg/kg) was well below that which 
Is maximally tolerated. Among these studies, only one (reported in 
an abstract) claimed positive findings (139)- These occurred in the 
mouse micronucieu* and SCE teats and in a host-mediated Salmonella 
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assay * The findings concerning ths mutagenicity of malathion are 
therefore equivocal. 

A 1975 review (140) concluded that the OPs bidriu, dichlorvos, 
dimethQate, methyl para thion, and oxydemeton methyl, were mutagens 
In a single microbial mutation assay. In addition, t rime thy 1 

phosphate ia a clear-cut mutagen In male mouse germ cells; six other 
OP compounds (bromophoa, dlazluou, fealtrothion, malathion, 

para thion, trichlorphon) apparently are not- Results of assays in 
four microbial teet systems were Inconclusive for several OPa 
(141) • Further study of these compounds has not been undertaken. 



Care i oogenic i ty 

Ha la thion given in the diet for 103 vk was not carcinogenic in 
male and female rats, although the dose used may have been less than 
that which is maximally tolerated. No increased tumor incidence 
could be found in mice given mala thion for 80 wk. 

An International Agency for Research in Cancer (I ARC) monograph 
reported strong evidence of the carcinogenicity of trimethyl 
phosphate (142) in one species and evidence of carclnogenicy in 
another* There is equivocal evidence of the carcinogenicity of 
parathlon and dichlorvos in animals* A single dose of dichlorvos 
reportedly damages the germinal epithelium of mouse testes (143), 

With the exception of u re thane (ethyl carbamate), a potent 
mutagen and established carcinogen in laboratory animals (144,145), 

carbamate compound* have been largely unstudied. 

Fetal and Teratogenic Effects 

Pars thion reportedly Increases resorption and lovers the weight 
of rat fetuses (146) • Results for malathlon are questionable 
(147)* No data appear to be available on the potential mammalian 
teratogenicity of military nerve agents* 

Effects on Male Reproduction 

A single dose of dichlorvos reportedly damages the germinal 
epithelium of mouse testes severely (143)* 









Cataractogenlc If facta 



' 



The Introduction of DFP and other long-acting antl-ChE agents 
In the late 1940s appeared to represent an Important advance in the 
treatment of open-angle glaucoma* These drugs maintained control of 
Intraocular tension when administered frequently and were effective 
In cases that were no longer controllable with the shorter-acting 
compounds* Then, in 1966, independent reports simultaneously 
implicated *he long-acting ant 1-GhE agents in the causation of 
lenticular opacities (148, 149). The incidence of this effect 
appeared to be ei high as SOX; its development varied directly with 

the strength of the solution, frequency of instillation, duration of 
therapy, and age of the patient* With physostlgmine and other 
short-acting sntl-ChE agents, the occurrence of lenticular opacities 
appeared to be no greater than that in nontreated subjects in the 
same ags groups* 
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The mechanism of the cataract ogeolc action of the long-acting 

anti^QiE agenta baa remained ©bpcurei[(150) • It has been shown that 
vervet monkey a can -mWsj.,£s> a mpdel+for the production of an 
Identical picture with the daily, long-term instillation of 

echothlophate (151)i ,; In an extensive aerie a in which children were 
treated for accommodative esotropia, i(atrabi emus) with the 
instillation of abort- and long-actingianti-ChE agent*, no 
lenticular opacities or other serious effects were detected (152), 
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Aberration* of the clotting mechanism attend exposure to OF 
anti-Chls (153) • Study of 31 persons exposed to sarin or parathion 
revealed a biphesic reaction consisting of rapid coagulation 
immediately after exposure! followed by a prolongation of clotting 
time (91,154) • « Anti-ChEs alao increase fibrinolysis. Fibrinolysis 
and hypercoagulability Ware ootefi in two patient b with mevinphos 
poisoning (155). Increased coagulation was associated with 
increased prothrombin activity (secondary to increased 
activity) and with increased prothrombin consumption, 
abnormalitiea normalize several weeks after exposure t 
no overt liver damage * 



Factor VII 

Coagulation 
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IMMEDIATE AND DELAYED EFFECTS IN ^OLONTEERS AFTER SINGLE OR 

REPEATED EXPOSURE TOAKTI-CMIS AT EDGEWOOD 
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According to the available information, 1,406 subjects were 
tested with 16 agents of unstated purity (Table 3-3)* Some of the 

subjects also were treated with protective or reactivating agents 
(case file data of Edgewood subjects* Appendix E). 

For this review, approximately 152 (219) of the medical records 
were selected on the basis of blgh^osage, repetitive exposure, or 
the presence of additional /physiologic stress, Case records were 
also selected randomly oh the terminal digit of the case number 
(i*e,, ending In 3). Brief summaries were made available to the 
Fanel* In addition, complete records, of 32 persons given EA 3146 
intravenously were examined* These were,, chosen because this agent 
is considered the most potent of the anti-ChEs tested (156). In all 
cases, subjects were identified by * pharmacologic class, by agent t 

and by letter coda; names wart withheld- 

The case summariaa are brief and anecdotal* With the exception 
of one case, they deal only with the period immediately after the 
test dose. There are no reports of neurologic or psychologic 
examinations (with the exception of subject A5J), and only four 
reports of EEGe—three made bef ora ^preatmant with the anti-ChE 
agent, and one after* The medical racoida of subjects tested with 
EA 3148 comprise doctors' orders, observations of the patient 
recorded largely by nurses* a clinical master log recording only 
blood pressure and pulse bef ore and after .exposure, results of a 
test of numerical facility 1 , and Ch£ concentrations in blood, plasma, 
and red cella, bef ore and at intervals after exposure- Physician 1 e 
workup, progress, and discharge notes are absent* Descriptions of 
the subjects' reactions ara* rather vague and are certainly not 
sufficient for careful anajyiis QfiJong-tera effects of these 
*«ents. The. various subjective complaints liated in the case-file 

data of Appendix E are not further documented by examination of 
findings. 
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The major focus of this E|nel f a investigation is the 
possibility of long- 1 era or delayed effect!. Essentially, anecdotal 
information la provided in the* ease summaries and some of this 
Information seems to suggest that immediate psychological effects 

can follow the administration of both reversible and irreversible 
choline s teraaes* However t the summaries do not provide hard data 
that would allow the panel to address, in a definitive manner t the 
question of whether or not thaw ie a possibility of long-term or 
delayed effect* As noted above, the case summaries were concerned 
with the period immediately after administration of the agent and 
therefore give no indication of the possibility of long-term adverse 
effects* The paucity of data In the medical records prevents 
further study in relation to the goal of this report. However, 
there are published paper a which appear to demonstrate long lasting 
EEG changes from single or repeated exposure to OPs (83). 

In reviewing the detailed case report of the single subject who 
experienced long^laatiag psychologic symptoms, the Panel noted that 
he had had both physical and psychologic evaluations before 
acceptance in the volunteer program. Evidently, this Included 
examinations and psychologic testing (the MMPi was mentioned)* It 
la possible that these data, If available, can be used as a basis 
for comparison with a long-term follovup study, if such is 
undertaken* 



MORTALITY DATA 

A preliminary review of the standardized mortality ratios 
(SKis) suggests that mortality was not significantly increased by 
exposure to anti-ChE chemical a, as tested at Edgevood (Table 4). 
Whether one looks at subject a exposed to sarin only or sarin plus 
another chemical (sarin total), VX only or VX plus another c he mica 1 
{71 total), antl-ChE only or anti-Chl plus another chemical, the 
SMEi are roughly SOX (or lets) of the rates expected for the U*S. 
population as a whole- This presumably reflects the fact that those 
who enter the military service do not have chronic diseases. These 
findings provide a f irat approximation of mortality and were 
intended to reveal trends* a. more thorough evaluation of mortality 
findings is contained in Chapter 4* 



EVALUATION OF THE LIKELIHOOD OF LONG-TERM 



ADVERSE HEALTH EFFECTS 



; 



The following commentary is based on evaluation of the known 
adverse health effects of anti~ChEs on humans and animals, the type, 
number f amount, and routs of administration of agents, and medical 
records of subject a released by the Army* 

The subjects were experimentally given anti-ChE agents in the 
Ctf testing program during the 1950a and 1960s. The mortality data, 
collected during 1981 » led to tha conclusion that, during the 
elapsed time since testing » subjects were no more likely to have 
died than comparable soldiers outside the testing program* 
Morbidity data are unavailable and should be collected, special 
focus should he placed on tha possible long-term adverse health 
effects highlighted below* 

It must be emphasized that tha following opinions represent 
essentially extrapolation from known data* Although there are 
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published and nonpublished result a indica ting that EEG changes can 
occur for one yeaif *f te^ exposure toirorganophosphorus drugs t there 
is no documentation available as to longer-las ting effects. The 
statements offered below therefore represent conjecture on the pert 

of Panel lembtri end their consultants^ who collectively have broad 
experience vlth and expertise on anti-QiEs and their effects In 
humans and animals* *qr 
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BRAIN DYSFUNCTION 



.*■« 
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There are no records to indicate: that the soldiers might have 
experienced subtle changes in brain ^function that lasted for long 
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in the one case cited above)* ^ But examination of primates and 
humans exposed to single" or repeated, doses of sarin has revealed 
statistically significant changes in the EEG that are apparent for 
at least a year after exposure (83) • f These observations have yet to 
receive laboratory confirmation, and their exact Importance le 
unknown. There are also a number of anecdotal reports of minor 
disorders of affect * sensation, memory , and sleep in humans 
accidentally exposed to OF war gases or Insecticides. The 
underlying changes In brain structure and function are unknown* The 

EEG changes are* compatible with abnormalities of sleep and 
behavior. It la also possible that pre-existing psychopathologlc 
conditions were exacerbated* Some subjects were treated with soman, 

which has been alleged (In a single, limited experimental study) to 
Induce In laboratory rats profound and irreversible neuropathology 
changes in vitally important regions of the brain (128). This 
laboratory study has not been replicated * and the duration and 
lifetime significance, if any t of the above-noted effects In humans 
are not known; they should be looked for in both adult life and old 
age* There is no evidence" from^ttie medical records that subjects 
given potent anti-ChE chemicals (e«g«'. -military nerve agents) 
experienced the more severe acute effects that were produced in 
animals with large doses of soman* In particular, there are no 
reports of respiratory Insufficiency or convulsions that could 
precipitate periods of hypoxia and. lead to permanent damage of brain 
tissue* 






JUNCTIONAL HEUROMYOPATHY AHD DELAYED KBUEOFATHY 

i 1 . V /" 

Medical records of the vast majority of subjects tested do not 
refer to induction of the muscle hyperactivity that le associated 
with acute neur ©myopathy* in laboratory animals and humans poisoned 
by OP insecticides*. Although there, was no systematic attempt to 
inspect tested subjects for fibrillation or fasclculatlon of 
skeletal musculature during or after testing, the doses of antl-CbEs 
used In relation to the route of application are considered unlikely 
to have induced muscle damage in most of the subjects. Even if a 
subacute neuromyopatby bad occurred in a few subjects, especially 
those who reportedly displayed weakness and muscle twitching after 
exposure! experience with laboratory animals suggests that these 
changes would have been resolved within weeks* 
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Although some of the OP agent« tested can Induce peripheral 
neuropathy in laboratory animal* f the doses needed to induce 
clinical eigne greatly exceed the LD50 for that species (105, 112, 
113)* Humane are generally understood to develop neuropathy after 
receiving dosee comparable with those which induce clinical signs in 
hens (69, 121); because the doses used on the test subjects were far 

below those needed to induce experimental neuropathy, it is most 
unlikely that any subject experienced delayed onset of distal limb 
paralysis * However, clinical signs of neuropathy in experimental 
animals occur some time af tar the onset of CNS-PNS distal 
axonopathy, afttr a particular number of nerve fibers have undergone 
degeneration* It is therefore not possible to rule out the chance 
that subclinical pathologic changes occurred in vulnerable 
nerve -fiber pathways in subjects treated with agents known to be 
capable of inducing neuropathy* PNS nerve fibers probably undergo 
regeneration and re-establishment of end- organ connection promptly 
after the degenerative phase has terminated] damaged CHS fibers are 
unlikely to regenerate functional connections, but minor damage of 
this type usually does not induce noticeable functional impairment. 
Development in the test subject • of anything more than minor and 
transient sensorimotor manifestations as an expression of such 
putative damage is considered most unlikely and no such symptoms 
were recorded. Neurologic examination would reveal signs of 
long-term QJS changes t such as the Babinski sign (extensor plantar 
response) , hyperactive ankle or knee jerk, and spastic or ataxic 
gait. Such signs would be permanent attributes of a person who 
suffered this type of CNS damage, but such changes in the test 
subjects are considered unlikely. 



0THE& ADVERSE HEALTH EFFECTS 
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Mutagenicity, Carcinogenicity, and Male Reproductive Effects 

There Is little information on mutagenicity, carcinogenicity, 
and male reproductive effect ■; Vim relation to anti-GiE chemicals. 

Experimental evidence suggest* that malathion does not pose a 
mutagenic \ or carcinogenic. risk to exposed humans, nevertheless, some 
scientists disagree with this conclusion (157). The safety of the 

Other compounds could not he confidently determined - b*C*U« of th* 

absence of laboratory studies. Nevertheless, the Panel Is unaware 
of any reports linking these advert* health effects to single or 
repeated exposure to anti-ChE agents* Furthermore, there is no 
suggestion of increased mortality from carcinogenicity, although 
final judgment on this issue muet be reserved until mortality and 
morbidity data are collected and analysed. 

Information on whether the tested subjects have sired children 
and on the etate of health of their offspring since testing would be 
helpful In evaluating the possibility of anti-ChE- induced 
mutagenicity or adverse effects on the male reproductive system* 
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